Visible absorption spectra are presented for the AzoUa caroliniana Willd.-Anabaena azola Strass. association and the individual partners.
inhibition of photosystem II activty by 3-(3,4-dichlorophenyl)-1,1-dimethylurea, diuron did not selectively decrease the relative quantum yields in the region of phycobiliprotein absorption. At the well-below saturating light intensities used for the action spectra studies, the absolute rates of C2H2 reduction were increased uniformly via respiratory-linked processes under aerobic conditions. The occurrence of phycobiliproteins in heterocysts of the endophytic Anabaena was demonstrated using fluorescence microscopy of intact filaments. Fluorescence micrographs of Anabaena cylidrica filaments are presented for comparison.
Specialized cavities formed in the aerial dorsal leaf lobes of the aquatic fern Azolla are occupied by an endophytic cyanobacterium known as Anabaena azollae Strass (9) . The endophyte, which undergoes a pattern of development and differentiation as a function of leaf age (5, 6) , can provide the association with its total N requirement by N2 fixation.
As in free-living cyanobacteria (4, 18, 20, 21) there is a close relationship between photosynthesis and N2 fixation in the AzollaAnabaena association (10, 11) . Action spectra for photosynthesis in the Azolla-Anabaena association, Azolla freed of the Anabaena, and the Anabaena removed from the fern have been presented previously (16) . Although there was no readily discernible contribution by the endophyte to the action spectrum for photosynthesis in the association, the maximum yield per incident quantum for photosynthesis in the isolated endophyte was quite distinct from that of the endophyte-free Azolla 4To whom reprint requests and correspondence should be addressed.
reports for this process in cyanobacteria and green plants, respectively (16) . In contrast to photosynthesis in the association, N2 fixation is an attribute restricted to the endophyte. The action spectra for N2 fixation (C2H2 reduction) in the association, where the green fern tissue filters the light incident on the endophyte, as well as in the isolated endophyte are reported here and compared with their previously determined action spectra for photosynthesis.
MATERIALS AND METHODS
The Azolla caroliniana-A. azollae association was grown on either a N-free 40%o Hoagland solution or a N-free modification of a medium employed for rice culture ( Absorption Spectra of Azoffa Leaves and Endophyte. Azolla stem segments bearing leaves were mounted in a single layer between two pieces of glass. Glass spacers prevented crushing. A similar procedure was employed with the isolated endophyte except that the inserts were omitted and edges of the glass were sealed with dental wax. The glass holders were masked with black tape so that only the light beam passing through the sample was measured. To minimize the effect of scattering, the samples were positioned adjacent to the detector of a Perkin-Elmer 557 spectrophotometer.
Action Spectra. Acetylene reduction was used as a measure of nitrogenase activity. For the association, sufficient plant material was added to uniformly cover the liquid surface in 10-ml round bottom flasks containing 3 or 5 ml of the growth medium. The flasks were sealed with serum caps, evacuated and filled with 10%3o C2H2:0.03% CO2 in Ar in the dark using an automated system, and then inverted and lightly shaken to distribute the association uniformly right side up again. Groups of three inverted flasks were placed in a metal cylinder (7 cm F>o8<~~~~~~1. 
RESULTS
Absorption Spectra. The in vivo absorption of Azolla with and without the endophyte and intact filaments of the endophytic Anabaena are shown in Figure 2 . Since these spectra have been normalized at 680 nm, it is important to note that the endophyte accounts for 15 to 20%o of the association's Chl (9, 17) . In the association, absorption by the endophyte's PBP is masked by the fern pigments. This is apparent from the similarities in the absorption spectra of the association and the endophyte-free Azolla between 550 and 650 nm. In contrast, absorption by the PBP is obvious in the spectrum of the endophyte filaments, as is the absence of Chl b. The endophytes' PBP complement, comprised of phycocyanin, phycoerythrocyanin, and allophycocyanin (23) , is simulated in the absorption spectra of the purified PBP (Fig. 2,  inset) . These in vivo absorption spectra show the complementary pigmentation of the fern and endophyte noted previously with cell-free extracts and are consistent with the action spectra of photosynthesis obtained for the association and individual partners (16) .
Action Spectra for C2H2 Reduction. Action spectra for N2 fixation (C2H2 reduction) by the Azolla-Anabaena association and the isolated endophytic Anabaena are shown in Figure 3, a and The action spectra of photosynthesis by the association and isolated endophyte are also shown in Figure 3 , a and b, respectively, using the mean values of data presented previously (16) association and endophyte clearly illustrates that C2H2 reduction occurs at a high efficiency after photosynthesis has undergone its characteristic red drop. This result is consistent with C2H2 reduction being a PSI-linked process only indirectly dependent on PSII (4, 11, 18, 21) . Since the response being measured is restricted to the endophyte in the leaf cavities, the light incident on the endophyte in the association is filtered by the leaf tissue. Thus, the number of quanta reaching the endophyte would presumably be greater in the region of minimum absorption by the fern tissue, about 550 to 650 nm, corresponding to the region of absorption by the endophytes PBP (Fig. 2) . Therefore, we thought that the higher quantum yield in this region was probably due to less absorption by the fern tissue. However, in the isolated endophyte, where screening by the fern tissue is excluded, the rate of C2H2 reduction per incident quantum in the region of PBP absorption was found to remain high, being essentially equivalent to that in the Chl a absorption region (Fig. 3b) . The high rates of C2H2 reduction per incident quantum in the region of PBP absorption with the isolated endophyte were unexpected. Additional studies were undertaken to further substantiate their involvement in a PSI-linked process.
Effect of 02 and Effect of DCMU. In the action spectrum for photosynthesis, 02 production by the endophyte is maximal in the region of PBP absorption (Fig. 3b) (21) . Therefore, it was possible that under an atmosphere of Ar:C2H2:C02, the high rates of C2H2 reduction at wavelengths absorbed by the PBP could arise from photosynthetically-mediated C2H2 reduction being augmented by respiratory-driven C2H2 reduction, the latter using photosynthetically generated 02. To determine if this was the case, the spectrum for C2H2 reduction by the endophyte was determined under 10%o C2H2 in air to minimize the effect of photosynthetically produced 02 at specific wavelengths on any 02-driven process. While there was an appreciable contribution from respiratory-driven acetylene reduction at the low light intensities used in these studies, the shape of the action spectrum under an atmosphere containing 20% 02 was essentially the same as that obtained under microaerobic conditions. In addition, the action spectrum was determined under microaerobic conditions (Ar:C2H2:C02) with and without DCMU.
A DCMU concentration resulting in greater than 95% inhibition of 02 production did not selectively inhibit C2H2 reduction in the region of PBP absorption (Table I) . Although we did not attempt to measure the 02 in flasks evacuated, flushed, and filled with Ar: C2H2:C02, our studies showed that this gas phase had less than 0.1% 02 (limits of detection by our thermal conductivity gas chromatograph) and substrate reduction in the dark with this gas phase was negligible. Thus, we conclude that in the assays with DCMU there was inadequate 02 to support any respiratory-driven process and that the high rates of C2H2 reduction in the region of PBP absorption are photosynthetically mediated. Moreover, in accord with previous studies (10, 11 ) the nitrogenase activity was in which the PBP/Chl a ratios were 17.14 and 6.36, respectively. The action spectra for C2H2 reduction by both preparations were similar to Figure 3b and are not shown. Although based on a single experiment with each preparation, the contribution from light absorbed in the PBP region was actually somewhat greater in the action spectrum obtained for the endophyte preparation with the lower PBP/Chl a ratio. Inasmuch as about 80%o of the endophyte filaments are vegetative cells, these results were interpreted to suggest that large variations in PBP content associated with them was possible without affecting the fraction involved with N2 fixation and possibly localized in heterocysts as reported for Anabaena variabilis (14) .
Evidence for Phycobiliproteins in Heterocysts. Above findings imply that some of the energy absorbed by PBP is used in PSI. There is abundant evidence from free-living cyanobacteria that heterocysts contain the nitrogenase (4, 18, 20, 21) , and inasmuch as nitrogenase activity parallels heterocyst differentiation in the endophytic Anabaena (5-7, 11), the results suggested that the PBP effective in driving C2H2 reduction were also located in the heterocysts. Attempts to isolate PBP from pure heterocyst preparations of the endophyte were negated by the large variation in size and age of the heterocysts (see 6, 11) and the presence of akinetes in the preparations (8) . Evidence for the occurrence of PBP in heterocysts of the endophyte was obtained by fluorescence microscopy. Figure 4a shows the total fluorescence of filaments of the endophyte using 546 nm excitation and a 580 nm dichroic filter. Figure 4b shows the fluorescence from the PBP, using a Ditric short pass cut-on filter and Figure 4c the Chl fluorescence, using a Corning 2030 filter. (The transmission spectra of these filters are presented in Fig. 1 .) The A. azollae filaments were from the cavity of the seventh leaf on the Azolla main stem axis, the area of maximal nitrogenase activity (7) . Figure 5a -c shows the same series for filaments from an actively growing, N2-fixing culture of Anabaena cylindrica. Whereas the heterocysts of A. cylindrica exhibit very little fluorescence, the fluorescence from heterocysts of the endophyte is as intense as that of the vegetative cells, even when only PBP fluorescence is being recorded (cf. Fig.   4b ). Since the micrographs might be interpreted to indicate that most of the fluorescence recorded in Figures 4a and 5a is from the PBP, it is important to note that the spectral sensitivity of the film is maximal at about 650 nm and decreases at longer wavelengths. However, it can be stated that the heterocysts exhibit less Chl fluorescence than the vegetative cells with this being more pronounced in A. cylindrica (Fig. Sc) than in the endophyte (Fig. 4c) of a distinct maximum for the quantum yield in the region of Chl a absorption by the endophyte removed from the leaf tissue, the relative rate of C2H2 reduction per incident quantum in the region of PBP absorption was equivalent to that in the region of Chl a absorption.
In free-living cyanobacteria, there is abundant evidence that heterocysts are the sites of nitrogenase activity under aerobic growth conditions (4, 18, 20, 21) . PBP have been reported to be absent or to occur at low levels in the heterocysts and this has generally been correlated with the absence of PSII activity in these specialized cells (1, 3, 4, 18, 22) . In fact, the PBP complexes, which can account for up to 40%o of the soluble cell protein, have been stated to serve as the light harvesting pigments exclusively for PSII (4) . We had previously found that the PBP levels in the endophyte were only 15 to 35% of those reported for free-living cyanobacteria and stated that the diminished PBP content was consistent with its high heterocyst frequency (17) . Previous studies had also shown that nitrogenase activity paralleled heterocyst differentiation as a function of leaf age, that heterocyst frequencies of the endophyte could reach 30Yo, and that the heterocysts in filaments did not fix 14Co2 (6, 8, 11 (24) estimated the light harvesting pigments of PSI in Anacystis nidulans (now known as Synechococcus sp.) included 85% of the Chl and 40% of the PBP and Pullin et al. (15) reported the association of allophycocyanin with PSI particles from Chlorogloeafritschii.
The absorption spectra of heterocysts and the action spectrum for N2 fixation (C2H2 reduction) in A. cylindrica presented by Fay (3) are frequently cited as evidence for the absence of PBP in heterocyst. However, this action spectrum, plotted as the relative C2H2 reduction/mm3 h per incident energy versus wavelength, shows a distinct contribution in the region of PBP absorption. When Fay's data are plotted as the relative rate of C2H2 reduction/ incident quantum, the 625 nm light absorbed by the PBP appears to be at least 70%Yo as effective as light absorbed by Chl a. In regard to this, it should be noted that in our fluorescence micrographs, heterocysts of Anabaena cylindrica show much less PBP fluorescence, relative to the vegetative cells, than the endophyte, but they nevertheless exhibit some PBP fluorescence. Moreover, heterocysts from A. variabilis, which lack PSII activity, not only contain PBP but in these heterocysts the quantum efficiency of the PBP is 50 to 70%o of that of Chl a in sensitizing P700 oxidation and the PBP are nearly as effective as CMl a in driving H2-supported C2H2 reduction (14) . In regard to the latter, we have obtained similar results with intact filaments of A. variabilis using the assay system described for the Azolla endophyte (Tyagi, unpublished). Finally, whereas the fluorescence emission of heterocysts in A. variablis filaments exhibit a wide range of intensity (14) , their fluorescence is closer to that observed with the endophyte than to that observed in heterocysts of A. cylindrica (H. E. Calvert, personal communication).
Additional studies are required to ascertain the structural organization of the PBP in heterocysts since phycobilisomes have not been demonstrated in them. However, the results reported here and elsewhere (14) strongly suggest that a reassessment of the role of PBP in PSI-linked processes in the heterocysts of cyanobacteria is needed. In at least these cyanobacteria, heterocysts contain nitrogenase, PBP, and lack PSII activities.
